A new concept of an undiluted recycling of aluminum alloy containing high-Fe impurity has been proposed and discussed herein. The primary objective of this concept is to avoid the conventional addition of virgin aluminum, to the aluminum scrap for lowering the concentration of Fe impurity. Results have shown that the Al 5 FeSi (b-phase) can be suppressed with minor alloying additions of some elements as per Hume-Rothery's criteria for solid solubility. The proposed concept has been validated by Stirling's approximation method.
Introduction
Recycling and reclamation have been universally recognized areas of priority for sustainability. In particular, recycling of aluminum scrap is drawing its attention, pertaining to the energy economics in the extraction of aluminum in its virgin form from ore [1] [2] [3] [4] . As it is well known, iron is highly undesirable impurity in the aluminum alloys, owing to its tendency to form needle/plate-like Al 5 FeSi (b-phase) which is brittle in nature [5] [6] [7] [8] , while the polyhedral and star-like Al 8 Fe 2 Si phase enhances the ductility. Interestingly, Al 8 Fe 2 Si is a precursor for Al 5 FeSi, where the former transforms peritectly to the latter [9] . There were several attempts for the removal of Fe from the aluminum scrap, besides diluting its concentration with the addition of pure virgin aluminum extracted by electrolysis [10] . One of such practices is alloying with Zr, which forms heavy intermetallics with Fe which are separated from the melt by sedimentation technique [3] . Few studies were reported on the stabilization of Al 8 Fe 2 Si phase through alloying additions [11] [12] [13] [14] [15] . Wang et al. [11] , in their investigation, reported that vanadium substitutes some Fe atoms in Al 8 Fe 2 Si phase and stabilizes this phase. Some recent works also reported on the influence of vanadium on the microstructure of Al-alloys. Recently, authors' research group has reported that the addition of Mo stabilizes Al 8-Fe 2 Si phase and thereby suppresses the formation of Al 5-FeSi [16] . It was also demonstrated that the hightemperature strength of the scrap alloy can be enhanced without diluting and reported that Mo substitutes some Fe atoms in the Al 8 Fe 2 Si phase and prevents the transformation of the later into Al 5 FeSi [16] . Unfortunately, no proper correlation/criteria responsible for these elements influencing the evolution of the Fe-bearing intermetallics in AlSi-Fe-type alloys have been established till now.
In this work, for the first time, undiluted recycling has been proposed on the basis of Hume-Rothery's criteria. This criterion has been identified for the stabilization of the Al 8 Fe 2 Si phase through alloying additions with element ''X'' (such as Mo, Cr, and V). Further, the stability of the Fe-rich phases has been confirmed through Stirling's approximation of configurational entropy.
Materials and Methods
The as-cast specimens investigated in this work were obtained by melting and casting of automotive aluminum scrap alloy ingot containing high-Fe impurity (* 2.1 wt.% Fe). Detailed experimental procedure and chemical composition of the alloys used in this work have been already reported by the authors [16] . It has been reported that Mo suppresses the formation of Al 5 FeSi by forming Al 8 (FeMo)Si-type intermetallics, without a significant change in the lattice parameters of Al 8 Fe 2 Si. Further, it was also shown that the high-temperature creep resistance of the Al-scrap alloy increases with the addition of Mo [16] .
In the present work, aluminum scrap alloy was melted in an electric resistance furnace. The melt was inoculated with Cr in the form of Al-Cr master alloy followed by casting into a preheated (450°C) cast-iron mold, similar to the procedure described earlier [16] . Detailed microstructural characterization was conducted on metallographically prepared samples, using light microscopy and field emission scanning electron microscopy (FESEM), equipped with energy-dispersive x-ray spectroscopy (EDS).
The element ''X'' has been chosen in the present work, based on the criteria for substitutional solid solution proposed by Hume-Rothery. Table 1 enlists the attributes of the chosen elements suitable for undiluted recycling of aluminum alloy scrap containing high-Fe (* 2.1 wt.%) with Si * 5 wt.% through the suppression of the reaction responsible for the transformation of the Al 8 Fe 2 Si phase to Al 5 FeSi.
(Note: For the ease of understanding to the reader, the term ''Al 8 Fe 2 Si'' has been interchangeably used in this article, both for as-received alloy and for the undiluted recycled alloy, although element X is dissolved in the Al 8 Fe 2 Si.)
The concept of evaluation of the configurational entropy has been a popular method for understanding the stability of the phases in high-entropy alloys. In the present work, the stability of the various Fe-rich intermetallics has also been studied by calculating the change in the configurational entropy per mole, and the same is illustrated in 
X Fe = 0.2541 Table 2 . Although the enthalpy of the matrix also plays a significant role in the phase transformations [17] , its effect has been ignored since the element ''X'' has limited solid solubility. Hence, the configurational entropy change per mole for the formation of a solid solution (intermetallics) has been considered in this work. The DS conf can be calculated using Stirling's approximation, where ''n'' is the number of elements with X i mole fraction [18] : 
The change in the configurational entropy per mole of the Fe-rich intermetallics in the Al-Si-Fe-X alloy was calculated using the above formula and is presented in Table 2 . Figure 1(a) represents the SEM photomicrograph of the asreceived as-cast Al-scrap alloy without alloying addition; Fig. 1(b) and (c), respectively, depicts the microstructures of the as-cast alloy with 0.02 and 1.0 wt.% Mo, while Fig. 1(d) and (e), respectively, represents the Fig. 2 (a) SEM-EDS line-scan analysis on the polyhedral particle (Al 8 Fe 2 Si) found in the as-cast aluminum scrap alloy with 2.0 wt.% addition of Cr. (b) SEM-EDS analysis of the polyhedral particle found in the as-cast aluminum scrap alloy with 2.0 wt.% addition of Cr microstructures of the as-cast alloy with 0.2 and 2.0 wt.% Cr. The phases, Al 8 Fe 2 Si and Al 5 FeSi, were already confirmed by the stoichiometric atomic % of Al, Fe, and Si as reported earlier [16] . Detailed TEM-SADP analysis conducted on the faceted phase revealed a BCC structure with a lattice parameter of * 12.8 Å , similar to that of Al 8 Fe 2 Si [16] . It was stoichiometrically demonstrated that Mo atoms substitute some of the Fe atoms, by the formation of Al 8 (FeMo)Si phase. Such substitution suppresses the conventional transformation of Al 8 Fe 2 Si to Al 5 FeSi (thus resulting in the depletion of the Al 5 FeSi needles/platelets). Figure 1(a), (b), and (c) , respectively, reveals the depletion of the Al 5 FeSi phase, while Al 8 (FeMo)Si phases are stabilized, with the increase in the Mo addition level from 0 to 1.0 wt.%.
Results and Discussion
The effect of Cr on the morphology of the Fe-bearing intermetallics was also investigated in this study. Figure 1(d) and (e) corresponds to the SEM photomicrographs of the as-cast alloy with 0.2 and 2.0 wt.% addition of Cr, respectively. A detailed SEM-EDS analysis was also conducted on the phases with polyhedral morphology found in the alloy with 2.0 wt.% Cr. SEM-EDS line-scan spectrums shown in Fig. 2(a) and SEM-EDS spot analysis shown in Fig. 2(b) reveal that the polyhedral phase contains a significant amount of Cr along with Al, Fe, and Si. Further, a detailed SEM-EDS spot analysis on the polyhedral phase revealed a stoichiometric atomic % similar to Al 8 Fe 2 Si, having few Fe atoms substituted with Cr, thereby forming Al 8 (FeCr)Si. It is interesting to notice that from Table 1 , Cr has almost the same atomic size as that of Fe, which is one of the Hume-Rothery's criteria for substitutional solid solutions. It can also be observed from Fig. 1(d) and (e) that the number of Al 8 (FeCr)Si particles increases, suggesting the stabilization of this phase, thereby resulting in the depletion of the Al 5 FeSi needles/platelets. Table 1 lists the atomic radii, crystal structures, valency, electronegativities of Mo, Cr, V. The atomic radius of Mo is 10.32% greater than that of Fe, while the % difference in the atomic radii of Cr and V, respectively, is 1.59 and 14.28%, respectively. Hence, these results indicate that the Hume-Rothery's criteria for substitutional solid solution are applicable for suppressing the Al 5 FeSi phase, through undiluted recycling of the Al-alloy scrap with high-Fe content. Hence, the Al 5 FeSi needles/plates are depleted with the increase in the addition level of the element ''X''. Interestingly, it can also be seen that the polyhedral phases (Al 8 FeXSi) apparently are refined after the addition of ''X'', suggesting the possible enhancement in heterogeneous nucleation of the Al 8 Fe 2 Si phases.
Configurational Entropy Approach of Phase Stability
The stability of the Fe-rich intermetallic phases has been assessed by the computation of the change in the configurational entropy per mole for each of the phases. From Table 2 , it can be seen that the change in the configurational entropy for Mo, Cr, and V containing intermetallics is higher than that of the Al 5 FeSi phase. Further, it can also be observed that the Al 5 FeSi possesses higher change in entropy per unit mole than that of Al 8 Fe 2 Si (found in ascast as-received scrap alloy). From Table 2 , it can also be seen that the Al 8 (FeX)Si intermetallics discussed in this work possess higher change in the configurational entropy per mole than that of Al 5 FeSi, hence leading to the suppression of the Al 5 FeSi phase.
Conclusions
• Undiluted recycling of aluminum scrap with high-Fe impurity has been proposed successfully.
• Hume-Rothery's criteria explain the mechanism responsible for the evolution of Al 8 Fe 2 Si and suppression of Al 5 FeSi phase, in the scrap alloy with the addition of Mo, Cr, and V.
• Evaluation of the change in the configurational entropy per mole (DS conf ) also proves that the Al-Fe-Si-X-type intermetallics are much stable than Al 5 FeSi phase, thereby suppressing the formation of Al 5 FeSi.
• An element which satisfies the Hume-Rothery criteria discussed above can be chosen for undiluted recycling of Al-Si-Fe scrap alloy.
